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BADANKnowledge about the vertical movement of a protein with respect to the lipid bilayer plane is important to
understand protein functionality in the biological membrane. In this work, the vertical displacement of
bacteriophage M13 major coat protein in a lipid bilayer is used as a model system to study the molecular
details of its anchoring mechanism in a homologue series of lipids with the same polar head group but
different hydrophobic chain length. The major coat proteins were reconstituted into 14:1PC, 16:1PC, 18:1PC,
20:1PC, and 22:1PC bilayers, and the ﬂuorescence spectra were measured of the intrinsic tryptophan at
position 26 and BADAN attached to an introduced cysteine at position 46, located at the opposite ends of the
transmembrane helix. The ﬂuorescence maximum of tryptophan shifted for 700 cm-1 on going from 14:1PC
to 22:1PC, the corresponding shift of the ﬂuorescence maximum of BADAN at position 46 was approximately
10 times less (∼70 cm-1). Quenching of ﬂuorescence with the spin label CAT 1 indicates that the tryptophan
is becoming progressively inaccessible for the quencher with increasing bilayer thickness, whereas
quenching of BADAN attached to the T46C mutant remained approximately unchanged. This supports the
idea that the BADAN probe at position 46 remains at the same depth in the bilayer irrespective of its
thickness and clearly indicates an asymmetrical nature of the protein dipping in the lipid bilayer. The
anchoring strength at the C-terminal domain of the protein (provided by two phenylalanine residues
together with four lysine residues) was estimated to be roughly 5 times larger than the anchoring strength of
the N-terminal domain.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Knowledge about the vertical movement of a membrane protein
with respect to the membrane plane is important to understand the
protein functionality in the biological membrane, and it is not unusual
to ﬁnd membrane proteins that are anchored to the cytoskeleton to
prevent their loss from the membrane. These vertical protein–protein
interactions are critical in the stabilization of the lipid bilayer. For
example, spectrin mutations in red blood cells that cause hemolytic
anemia disrupt cooperative interactions between linker proteins in
the cytoskeleton and membrane proteins in the lipid bilayer, leading
to a lose of membrane components and causing a severe disease [1]. Ino-3-phosphocholine; 16:1PC,
C, 1,2-dioleoyl-sn-glycero-3-
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ll rights reserved.the absence of well-deﬁned cytoskeleton elements in prokaryotic cells
protein vertical positioning in the lipid bilayer can still be maintained
by protein–lipid interactions. For example, it takes a force of 60 pN to
extract WALP23 peptide from DOPC lipid bilayers [2]. This ﬁnding
demonstrates that the strength of integration of a transmembrane
peptide in a lipid bilayer is very high and belongs to the most stable
noncovalent biological interactions reported so far. The interaction of
a protein with a membrane is mainly attributed to a stretch of
hydrophobic amino acids and interfacial protein anchoring elements.
For example, in bacteriophage M13 major coat protein several
interfacial anchoring elements have been recognized (see Fig. 1). At
the N-terminal interface, typical aromatic and charged amino acid
residues (Glu20, Tyr21, Tyr24, Trp26) can be identiﬁed. In addition,
the C-terminal interface contains aromatic and charged amino acid
residues (Phe42, Phe45, Lys40, Lys43, and Lys44) as well.
Among these anchoring elements tryptophan, phenylalanine and
lysine residues are reported to play an important role [3–5]. For
instance, tryptophans are relatively uncommon in proteins in general,
comprising only 1.2% of all residues in soluble proteins. However,
tryptophan is found to be almost three times more abundant in
membrane proteins [6], and then particularly in those regions inter-
acting with the lipid head group moieties [7,8]. These observations led
Fig. 1. Primary sequence of M13 major coat protein. Amino acid residues that
participate in the anchoring of the N and C-terminal domain are shown in bold.
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matic residues in transmembrane domains. Available membrane
protein three-dimensional structures have convincingly demonstrated
the same pattern of tryptophan localization, in proteins such as the
photosynthetic reaction center, the KcsA potassium channel, and sev-
eral bacterial porins [3]. In spite of the resistance of tryptophan of being
pulled into the hydrocarbon layer or into the interfacial region [9], this
resistance is expected to be relatively weak, because tryptophans
ﬂanking a hydrophobic helix can readily move across a bilayer [10].
In this work, the vertical displacement of bacteriophage M13
major coat protein with respect to a lipid bilayer is used as a model
system to study the molecular details of the C and N-terminal
anchoring systems in a homologue series of lipids with the same polar
head group, but different hydrophobic chain length. The general
mechanisms of anchoring the major coat protein to the lipid bilayers
are well understood (for a review, see Stopar et al. [11]). However,
molecular details that enable a stable interaction of the protein with
the lipid bilayer during one part of the replication cycle and lifting of
the membrane anchors at another are still poorly understood. We use
steady-state ﬂuorescence of the natural intrinsic tryptophan, located
at position 26 and BADAN-labeled M13 coat protein mutants T46C
and I22C as suitable reporters for the position of the protein along the
bilayer normal, to compare the effect of the N-terminal anchoring
system with the Phe + Lys anchoring system at the C-terminus. By
varying the hydrophobic thickness of the lipid bilayer from 14:1PC to
22:1PC, we have introduced stress on the protein anchors, which the
N-terminal anchoring system failed to resist.
2. Materials and methods
2.1. Sample preparation
The single cysteine mutant T46C of bacteriophage M13 major coat
protein was prepared, puriﬁed, and site speciﬁcally labeled with
BADAN (Invitrogen, Molecular Probes, Carlsbad, CA) as reported
previously [12,13]. Labeled mutant or wild-type proteins were
reconstituted into 14:1PC, 16:1PC, 18:1PC, 20:1PC, and 22:1PC
bilayers (all lipids purchased from Avanti Polar Lipids, Alabaster, AL)
at L/P 250 in 10 mM Tris (pH 8.0), 0.2 mM EDTA, 150 mM NaCl buffer
as reported earlier [12,14,15]. Protein–lipid samples were prepared at
room temperature.
2.2. Fluorescence measurements
Fluorescence spectra of the BADAN-labeled M13 coat protein
mutant T46C in lipid bilayer solutions were recorded using excitation
light of 390 nm and an emission detection from 400 to 600 nm, with a
2-nm band pass in both excitation and detection light paths on a
Fluorolog 3.22 (Jobin Yvon-Spex, Edison, NJ). Fluorescence spectra of
the natural tryptophan W26 of M13 coat protein were recorded using
excitation light of 280 nm and an emission detection from 300 to
450 nm, with a 2-nm band pass in both excitation and detection light
paths on a Fluorolog 3.22 (Jobin Yvon-Spex, Edison, NJ). Steady-state
ﬂuorescence quenching spectra were recorded using slit widths
corresponding to a 5-nm band pass. Spectral ﬁtting and analysis of the
steady-state spectra and quenching data were performed using IGOR
Pro3.13 (WaveMetrics, LakeOswego,OR). All experimentswere carried
out at room temperature. The ﬂuorescence spectra were corrected for
the wavelength-dependent sensitivity of the detection system.
The ﬂuorescence spectra of membrane-embedded BADAN-labeled
M13 coat protein mutant T46C were digitally corrected for back-ground signals by subtracting the spectrum of a sample containing
wild-type protein that had approximately the same protein concen-
tration and L/P ratio. Subsequently, the spectra were decomposed
into three ﬂuorescence components, representing the ﬂuorescence of
nonhydrogen-bonded BADAN, hydrogen-bonded BADAN in an im-
mobile environment; and hydrogen-bonded BADAN either having an
internal label dynamics in a mobile aqueous environment for label
positions outside the hydrophobic core of the lipid bilayer or with
only internal label dynamics for label positions inside the core as
described previously [16].
The Raman peak in the tryptophan ﬂuorescence spectra could
not be eliminated by background subtraction. Therefore, a two-
component spectral decomposition was carried out. After conversion
of the wavelength scale to wavenumbers, the tryptophan spectra
were ﬁtted to two Gaussians: one normal Gaussian (maximum at
32270 cm-1, corresponding to 310 nm) to ﬁt the Raman peak and
one skewed Gaussian (skewness factor ∼0.75) to ﬁt the tryptophan
ﬂuorescence component.
2.3. Fluorescence quenching
Steady-state quenching studies of tryptophan and BADAN-labeled
T46C were performed by adding various amounts of a stock solution
of the spin label CAT 1 (4-trimethylammonium-2,2,6,6-tetramethyl-
piperidine-1-oxyl iodide spin label, Invitrogen, Carlsbad, CA) in
10 mM Tris–HCl (pH 8.0), 0.2 mM EDTA, and 150 mM NaCl buffer.
Emission spectra were recorded at least 1 min after each addition of
CAT 1 stock solution. The quenching data were ﬁtted with a modiﬁed
Stern-Volmer equation [17] to take into account the fractional
accessibility to CAT 1. The cationic spin label CAT 1 is water soluble
but also binds to membranes [18]. Therefore, in our protein–lipid
systems, it will most probably distribute over the phospholipid head
group region and bulk water phase. These two quencher populations
will give rise to a different quenching efﬁciency. This situation is
similar to that having two populations of ﬂuorophores, both having
different accessibility to the quencher, so that we can write for the
observed ﬂuorescence intensity F:
F =
F0a
1 + Ka Q½ 
+
F0b
1 + Kb Q½ 
; ð1Þ
where the subscripts a and b refer to the quencher in the phospholipid
head group region and bulk water phase, respectively. Parameters Ka
and Kb are the respective apparent quenching constants, F0a and F0b
are the ﬂuorescence intensities in the absence of quencher, and [Q] is
the concentration of quencher. By rewriting Eq. (1), we obtain
F0
F
=
1 + Ka Q½ ð Þ 1 + Kb Q½ ð Þ
fa 1 + Kb Q½ ð Þ + 1− fað Þ 1 + Ka Q½ ð Þ
 ð2Þ
Here F0=F0a+F0b is the total ﬂuorescence intensity in the absence
of quencher, and fa is the fraction of ﬂuorophores that are quenched
by CAT 1 bound to the phospholipid head groups. This gives rise to a
downward bending of the Stern-Volmer plot of F0/F against [Q].
Fitting of our quenching data to Eq. (2) provides the parameters fa, Ka,
and Kb.
3. Results
The tryptophan and BADAN ﬂuorescence spectra of the labeled
T46C mutant reconstituted in multilamellar vesicles of 14:1PC,
16:1PC, 18:1PC, 20:1PC, and 22:1PC are shown in Fig. 2. The results
of a two-component spectral decomposition of the tryptophan
ﬂuorescence spectra (see Materials and Methods) show that the
ﬂuorescence for tryptophan is clearly blue-shifted when the protein
is reconstituted in longer acyl chain lipids (i.e., from 30,000 to
Fig. 2. Fluorescence spectra for tryptophan W26 in the (A) wild type and (B) BADAN in
the labeled T46C mutant coat protein of bacteriophage M13 reconstituted in
multilamellar vesicles of 14:1PC (-○-), 16:1PC (-□-), 18:1PC (-Δ-), 20:1PC (-▿-), and
22:1PC (-●-) at a lipid-to-protein ratio of 250 in 150mMNaCl, 10mMTris (pH 8.0), and
0.2 mM EDTA at room temperature. Spectra are normalized to the same peak height.
Fig. 3. (A) Maximum of tryptophan ﬂuorescence of wild type and (B) BADAN
ﬂuorescence of labeled I22C (-▲-) and T46C (-∇-) mutant coat protein in phospholipid
bilayers with increasing acyl chain length. Maxima were obtained by a two (Trp) and
three-component analysis (BADAN); see text. The data for BADAN-labeled I22C were
taken from the literature [16]. Dashed horizontal lines show the positions of the
ﬂuorescence maxima found for typical locations inside and outside model membranes
as indicated for tryptophan [12,17,25] and BADAN [16].
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overall line shape appeared to be similar for all lipid environments.
The composite nature of the BADAN ﬂuorescence spectra was ana-
lyzed with a three-component spectral decomposition, as described
before [16]. When going from 14:1PC to 22:1PC, it turns out that
there is only a slight change in the fraction of BADAN labels that are
hydrogen bonded to water as well as in the fraction of BADAN labels
that are in a mobile environment. Also, the ﬂuorescence maximum of
the related spectral component that reﬂects the local polarity [16] is
almost constant on going from 14:1PC to 22:1PC (the shift of the
ﬂuorescence maximum is only 70 cm-1; see Fig. 3B). For comparison,
the ﬂuorescence data of the BADAN-labeled I22C mutant reconsti-
tuted in multilamellar vesicles that have been obtained from
previous work [16] are given in Fig. 3B. The I22C mutant is approx-
imately equidistant from the transmembrane helix center as T46C,
and its ﬂuorescence clearly is sensitive to changing lipid bilayer
thickness.
The quenching data for both tryptophan and BADAN in the labeled
T46C mutant are given in Fig. 4. The ﬂuorescence was quenched withCAT 1, a water-soluble cationic spin label. The Stern-Volmer plots are
nonlinear under all experimental conditions, indicating that both the
tryptophan residue and BADAN in the labeled T46C mutant display
variations in their accessibility to the quencher. The plots curve
downward, that is, for higher concentrations of CAT 1, the slope of the
quenching curve is decreasing, suggesting that in addition to the
membrane-bound quencher close to the ﬂuorophore site (strongly
quenching), there is a class of quenchers present in the bulk water
sample (weakly quenching). Both the tryptophan and BADAN
quenching data can be ﬁtted to Eq. (2). The parameters obtained
from these ﬁts are presented in Table 1. Clearly, there are two
Fig. 4. (A) Quenching of tryptophan and (B) BADAN of the labeled T46C mutant
reconstituted in multilamellar vesicles of 14:1 (-○-), 16:1PC (-□-), 18:1PC (-Δ-),
20:1PC (-▿-), and 22:1PC (-●-) at a lipid-to-protein ratio of 250 in 150 mM NaCl,
10 mM Tris (pH 8.0), and 0.2 mM EDTA at room temperature with CAT 1. Solid lines
represent ﬁts of the data to Eq. (2).
Table 1
Stern-Volmer quenching constants for tryptophan and BADAN-labeled T46C protein
mutant quenching with the spin label CAT 1.
Lipid Tryptophan quenching BADAN T46C quenching
fa Ka (M-1) Kb (M-1) Ka (M-1) Kb (M-1)
14:1PC 0.12 2.4(±0.3)×103 9.0(±0.5) 2.0(±0.8)×103 5.2(±0.2)
16:1PC 0.11 3.7(±0.5)×103 8.5(±0.4) 1.9(±0.2)×103 5.8(±0.6)
18:1PC 0.11 2.5(±0.4)×103 6.7(±0.3) 2.0(±0.1)×103 5.4(±0.2)
20:1PC 0.08 2.0(±0.3)×103 1.8(±0.1) 3.3(±0.4)×103 5.4(±0.4)
22:1PC 0.13 0.7(±0.1)×103 0.8(±0.4) 2.3(±0.3)×103 3.3(±2)
The errors in the data are given between parentheses. The fraction of bilayer-bound CAT
1 molecules, fa, and quenching constants Ka and Kb follow from ﬁts of the quenching
data to Eq. (2).
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two quenching constants Ka and Kb for both tryptophan and BADAN-
labeled T46C mutant. Overall, the quenching of the strong and weak
binding sites of tryptophan increases with shortening of the acyl chain
length. In contrast, the quenching efﬁciency of the ﬂuorescence of
BADAN at position 46, which is close to the C-terminal anchoring
domain, is much less sensitive for the acyl chain length.
4. Discussion
In general, membrane proteins have two interface anchoring
systems that help to stabilize the protein in a direction parallel to the
normal of the lipid bilayer. In this work, we have challenged the two
interface anchoring system of membrane-embedded bacteriophage
M13 major coat protein, which is almost α-helical [19–21], by
changing the lipid bilayer thickness, thereby introducing a variable
degree of hydrophobic mismatch in a homologues series of phospha-
tidylcholine lipid bilayers.
The ﬂuorescence data (Fig. 3) are very informative with respect to
the relative position of anchoring elements in the lipid polar head
groups. The consistent increase of the ﬂuorescence maximum (as
expressed in cm-1) upon increasing acyl chain length of the
phospholipids indicates that the tryptophan residue is sinking toward
the hydrophobic core with increasing thickness of the lipid bilayer.
This result implies that in hydrophobic mismatching phospholipid
bilayers, tryptophan residueW26 and therefore N-terminal anchoring
elements are vertically dislocated from its optimal location in the
head group region. This result agrees well with the linear increase of
bilayer depth of the tryptophan residue upon increasing hydrophobic
thickness, calculated using the label position-dependent AEDANS
ﬂuorescence and assuming a perfect α-helix [22]. This is further
corroborated from the ﬂuorescence maximum of the BADAN-labeled
I22C mutant coat protein (see Fig. 3B). The driving question of this
study, however, is to see if the dipping of the transmembrane helix in
thicker lipid bilayers is symmetrical around the hydrophobic centre of
the lipid bilayer.
Whereas the ﬂuorescence maximum of tryptophan shifts for
approximately 700 cm-1 on going from 14:1PC to 22:1PC, the corres-
ponding shift of the ﬂuorescencemaximum of BADAN at position 46 is
10 times less (∼70 cm-1). For comparison, the shift of the ﬂuorescence
maximum of the same spectral component of BADAN-labeled I22C
mutant coat protein is ∼350 cm-1. This suggests that the N-terminal
BADAN ﬂuorescence in fact is sensitive to a displacement relative to
the lipid–water interface by a change of bilayer depth. The anchoring
strength at the C-terminus is approximately 5 times larger than the
anchoring strength at the N-terminus, as inferred from the shift of the
BADAN ﬂuorescence maximum (i.e., I22C vs. T46C) in different lipid
bilayers. This clearly indicates an asymmetrical nature of the protein
dipping in the lipid bilayer. It is interesting to note that there could be
some extra hydrophobic force introduced by BADAN due to its
naphthalene moiety. However, this effect does not override the
observed anchoring effect. For example, BADAN-labeled I22C mutant
coat protein, in which the BADAN position is equidistant from the
hydrophobic centre of the transmembrane helix as compared to its
position in the BADAN-labeled T46Cmutant, clearly shows a thickness
effect of the phospholipid bilayers, whereas the BADAN-labeled T46C
mutant does not.
The quenching data in Table 1 suggest that a small fraction
(fa∼10%) of spin label CAT 1 bind to the lipid bilayers. The spin label
CAT 1 is soluble in aqueous solutions but also has an afﬁnity to the
membrane–water interface [18]. A lower quenching constant Kb upon
increasing bilayer thickness indicates that Trp is becoming increas-
ingly inaccessible for the quencher and therefore is located deeper in
the membrane. This result agrees with quenching data obtained for
acrylamide [13]. On the other hand, the quenching constant Kb for
BADAN remains approximately the same. This supports the idea that
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bilayer, irrespective of its thickness.
As has been described previously, there is a strong anchor present
in the C-terminus, which is provided by two phenylalanine residues
together with four lysine residues (Fig. 1) [22,23]. This C-terminal
anchor is in an “anchoring competition” with the N-terminal
anchoring system at the opposite site in the head group region of
the phospholipid bilayer. From the results of this study, it follows that
N-terminal anchoring system gives way in this competition. This
conclusion is supported by the observed small shift, no change in
fraction of hydrogen bonded to water around the labeled site and no
change in the fraction of T46C BADAN molecules that have a mobile
local environment in different lipid bilayers. This ﬁnding demon-
strates a remarkable power of the C-terminal anchor to resist a huge
difference in hydrophobic membrane thickness. It is interesting to
note that even in a crippled C-terminal anchor, when two phenyla-
lanines were removed leaving four lysines in the anchor, the N-
terminus anchoring system fails with increasing lipid bilayer thick-
ness [12]. In this case, however, the protein dips symmetrically in the
lipid bilayer.
During the process of phage assembly, the major coat protein has
to be transferred from the membrane to the phage particle. The
extraction of the protein from its lipid environment is subject to
strong forces. For instance, the thermal off-rate of spontaneous
detachment of the WALP23 peptide from the bilayer Koff has been
observed to be 10-4 to 10-5 s-1, which corresponds to lifetimes of the
peptide in the bilayer in the order of hours or days [2]. To extract the
major coat protein from the membrane, the reduction power of
ferredoxin, the proton motive force, and ATP hydrolysis are needed
[24]. During extraction, the protein is hookedwith four lysine residues
to the DNA, which is propelled through the assembly complex. The
four lysines in the C-terminus are therefore crucial for protein–lipid
and for protein–DNA interactions and help lifting the protein from the
membrane. Both interactions of lysine amino group with either
phospholipids or DNA are nonspeciﬁc and may allow for competitive
exclusion and removal of the lipids from the assembly site.
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